Introduction
Ferrimagnetic oxides have received considerable attention in the few last decades owing to their remarkable magnetic characteristics such as high Curie temperature, large permeability, high saturation magnetization and magnetocristalline anisotropy [1] . The diverse magneto-electric properties displayed by these materials have given rise to a great variety of compounds for technological and industrial applications [2] .
Ferrites are ferrimagnetic oxides divided into three families: spinel, garnet and hexagonal. Among the family of hexagonal ferrite, barium hexaferrite BaFe 12 O 19 (BaM) with magnetoplumbite structure (P63/mmc) is well known as hard magnetic material with strong magnetocristalline anisotropy along c-axis, high Curie temperature (Tc= 472 °C), relatively high magnetization saturation, high electrical resistivity, chemical stability and resistance to corrosion [3] . These properties arise from exchanges between the oxygen and metallic ions occupying particular positions in its hexagonal crystalline structure.
Several investigations on the substituted barium ferrite have been carried out to further improve its magnetic and electrical properties. A proper cation substitution on iron ions, in tetrahedral and octahedral site of BaM unit cell, by trivalent magnetic or nonmagnetic metal ions or with appropriate arrangement of bivalent and tetravalent cations is an effective way to change these properties [4] [5] [6] [7] [8] [9] . When metal ions are incorporated in BaM compound, its saturation magnetization, coercivity and anisotropy field depend on the nature, combination and distribution of this substitution in Fe sublattices.
The aim of the present work is to study the chemical changes that can be induced by the nature and distribution of the trivalent ion in barium hexaferrite and the resulting magnetic properties. 
Characterization
The phase composition and structure of the synthesized samples are examined using Table 3 , [11, 12] ), so, it is easier to substitute in the lattice of barium ferrite [13] [14] [15] [16] . However, they did not change with bismuth substitution as it is thought. Actually, it is supposed that Bi 3+ (radius = 96 pm) could be oxidized 
Infrared analysis
The formation of the hexagonal structure of substituted barium ferrite is also investigated by infrared analysis. Typical FTIR spectra of BaFe 12 O 19 , Al1000, Bi1000, Cr1000 and Mn1000 are shown in Fig. 2 . For all samples, the spectra indicate the presence of absorption bands in the range of 400 to 800 cm −1 which are a common feature of the hexaferrites [18] . The lower frequency absorption band ν 1 between 400
and 490 cm −1 is assigned to Fe-O bending vibration of octahedral site and the higher frequency absorption band ν 2 lying in the range of 500 to 600 cm −1 is related to Fe-O stretching vibration in the tetrahedral site [19] . The ν 1 and ν 2 bands continuously increase with annealing temperature from 900 °C to 1000 °C which reflect the presence of high degree of crystallinity. No other band is observed, suggesting that single BaFe 12 O 19 phase is obtained which is in agreement with XRD characterization. For pure hexaferrite, the remarkable absorption peak at 545 cm -1 is associated to Ba-O stretching vibration band [20] . This peak is less observed in the substituted ferrites, since it is overlapped with the characteristic bands (ν 1 and ν 2 ) of hexaferrite [21] . The bands in the range of 1000 -1700 cm -1 are associated to Metal-Oxygen-Metal bands [22] , whereas, the broad band around 3400 cm -1 is due to the adsorbed water molecules. For pure 
Morphological analysis
The surface morphology and microstructure of Al1000, Bi1000, Cr1000 and Mn1000 are observed by scanning electron microscopy (SEM) as depicted in Fig. 3 .
Agglomerated hexagonal shaped particles can be observed in all four samples. Bi1000 reveals small spherical shaped-particles with a size about 400 ± 50 nm, meanwhile, Al1000, Cr1000 and Mn1000 presented bigger hexagonal shaped-particles with an average grain size in the range of 1-2 µm. The observed BaBiFe 11 O 19 morphology is associated to of Bi 3+ substitution which promotes the formation of homogeneous spherical shapes, as it has been already reported [24] .
The energy dispersive X-ray analysis (EDX) is carried out in order to confirm the chemical composition of the substituted hexaferrites. Fig. 4 shows the typical EDX spectra of substituted barium hexaferrite calcined at 1000 °C. The analysis data is collected in a table as inset in the same figure. The difference between the data in the two columns is discussed according to the atomic number of each element [25] . Table 4 . According to ferromagnetic theory, magnetism in ferrites originates from the magnetic moments of ions in spin up and spin down orientations in sublattice [26] . Usually, the magnetic behaviour of the M-type hexaferrite is related to the distribution of iron ions in the crystallographic lattice sites.
The Fe 3+ ions are spread over five crystallographic sites: three octahedral sites 12k (spin up), 2a (spin up), and 4f 2 (spin down), one tetrahedral 4f 1 (spin down) and one bipyramidal 2b (spin up) as shown in Fig. 5 [27] . The magnetic moment of barium hexaferrite is deduced from the algebraic sum of iron magnetic moments in different positions according to [28] For undoped BaFe 12 O 19 , as the magnetic moment of Fe 3+ is 5μ B , the resulting magnetic moment is equal to 20 µ B per unit formula leading to a magnetic moment of 40μ B per unit cell.
As observed in Fig. 7 and , respectively, they may bring significant orbital moment and contribute to the increase magnetorystalline anisotropy.
In order to determine the efficiency of a magnetic material, maximum energy product (BH) max is calculated using the magnetic data [39] . The evolution of (BH) max with substitution ions and calcination temperature is presented in Fig. 8 . An increase of magnetic energy is well observed with increasing calcination temperature for all substituted barium ferrites except for BaBiFe 11 O 19 which displays a remarkable decrease. It is also noted that the behaviour of (BH) max is related to the magnetic moment of trivalent ion. In fact, among magnetic ion substitutions, barium hexaferrite substituted with manganese (5µ B ) reveals the highest energy product with 7.47 kJ.m As it is clearly seen from the data, for all substituted ferrites, only one ferromagneticparamagnetic phase transition is observed which suggests the presence of single phase material as already indicated by diffraction patterns and infrared results. As presented in (Table 5 ). The change in Curie temperature is ascribed to the modification of the exchange strength of octahedral and tetrahedral interactions as consequence of a change of the trivalent ion distribution between these two sites [40] .
From ions distribution, it is expected for Al 3+ , Bi 3+ and Cr 3+ substitution with low magnetic moment replacing Fe 3+ to decrease the strength of octahedral and tetrahedral interactions leading to decrease of Tc. However, Tc is found to increase. This can be attributed to the big ionic radius of aluminium, bismuth and chromium causing the distortion of lattice sites which is directly proportional to interionic distances. This distortion leads to greater cation-anion-cation bond angles and strengthening of sites exchange interactions [41] .
In the manganese substituted ferrite, the reduction of Curie temperature shown in Fig. 9 and Table 2 Lattice parameters, crystallite size and X-ray density for substituted barium hexaferrites Table 3 Ionic radii and ionic magnetic moment (µ B ) of different used cations for barium ferrite substitutions Table 4 Magnetic parameters of different substituted Barium hexaferrites Table 5 Curie temperature of different samples annealed at 950 °C 
